2003; Grieve et al. 2004] . Moreover, the deleterious effects of ROS depend on the balance between the endogenous tissue antioxidant enzymes and the concentration of hydroxyl ion, superoxide ion and hydrogen peroxides. In fact, antioxidant capacity has been revealed to be reduced in Edaravone, a potent free radical scavenger and a calcium channel blocker attenuate isoproterenol induced myocardial infarction by suppressing oxidative stress, apoptotic signaling and ultrastructural damage Abstract Objectives: In the present study, we investigated whether combination therapy of low-dose benidipine with the potent free radical scavenger edaravone has a cardioprotective effect against isoproterenol (ISO)-induced myocardial infarction (MI) in Wistar rats. Methods: Rats were pretreated with concurrent doses of benidipine and edaravone (1 μg/kg/day + 1 mg/kg/day and 3 μg/kg/day + 3 mg/kg/day) by intravenous (i.v.) and intraperitoneal (i.p.) routes respectively for 28 days, followed by MI induction using ISO (85 mg/kg) by subcutaneous route for two days at 24 h intervals. After the treatment period, blood was withdrawn and the heart was preserved for biochemical estimations. Results: The activities of the cardiac biomarkers (lactate dehydrogenase and creatine kinase-MB), and the level of malondialdehyde (MDA) significantly increased, while antioxidant markers (reduced glutathione, catalase, superoxidase dismutase, glutathione peroxidase, glutathione reductase) were significantly decreased in the ISO intoxicated group compared with the control group. Moreover, the level of C-reactive protein (CRP) and Caspase-3 activity significantly increased in ISO-intoxicated group. An ultrastructure study was also carried out. Pretreatment with a combination of benidipine and edaravone significantly attenuated the activities of the cardiac biomarkers and the level of MDA, and significantly increased the antioxidant markers compared with the ISO-intoxicated group. Furthermore, pretreatment with the combination of benidipine and edaravone significantly decreased the level of CRP and Caspase-3 activity as compared to the ISO-treated group. The ultrastructure study of myocardium revealed that pretreated groups preserved the mitochondrial shape, the membrane and its internal structures. Conclusion: Taken together these results suggest that the combination of benidipine and edaravone showed significant protective effect in ISO-induced MI.
Introduction
Reactive oxygen species (ROS) are a group of highly reactive molecules such as hydroxyl anion and superoxide. ROS can significantly alter several biological processes, as well as causing myocardium dysfunction and damage [Ceconi et al. myocardium dysfunction, which is related with an increase in oxidative stress [Fearon and Faux, 2009] . Oxidative stress is one of the major pathological conditions leading to the generation of ROS. ROS are unifying components in most forms of cardiovascular diseases (CVDs). CVDs are the principal cause of death in developing countries [Yusuf et al. 2001 ]. Among CVDs, myocardial infarction (MI) is the most prevalent and widespread. MI is caused by reduction in the myocardial blood flow due to the coronary artery occlusion. The imbalance between coronary blood supply and myocardial demand eventually leads to an acute condition of myocardial necrosis.
Isoproterenol (ISO) (4-[1-hydroxy-2-(propan-2ylamino) ethyl] benzene-1, 2-diol) is a synthetic catecholamine and β-adrenoceptor agonist. It induces MI by multiple mechanisms, namely functional hypoxia and ischemia, alteration in metabolism, intracellular Ca+2 overloads and oxidative stress [Dhalla et al. 2010; Wexler, 1978] . In addition, pathogenesis of ISO-induced MI is also implicated in the occurrence of oxidative damage, lipid peroxidation, apoptosis and inflammatory cytokines [Shizukuda et al. 1998; Goyal et al. 2010] This model has established itself as a well-known one for evaluating the cardioprotective agents in animals under experimentation, mimicking human MI [Rona et al. 1959 , Goyal et al. 2010 ].
Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one) is a potent and novel free radical scavenger, with strong antioxidant properties, and is used in patients with acute brain infarction. In several studies it has been reported that it prevents cell damage induced by oxidative stress through inhibition of lipoxygenase metabolism of arachidonic acid, by trapping hydroxyl radicals and scavenging the ROS [Green and Ashwood, 2005; Saini et al. 2006 ]. Several studies have also reported anti-apoptotic and anti-inflammatory effects of edaravone and protection in experimental models of stroke cardiovascular diseases [Murota et al. 1990; Watanabe et al. 1988 ].
Benidipine (3-[(R*)-1-benzyl-3-piperidyl] methyl-1, 4-dihydro-2, 6-dimethyl-4-(nitro phenyl)-3, 5-pyridine dicarboxylate) is a highly potent, long-lasting, antihypertensive and antianginal agent. Benidipine has been reported to increase the coronary blood flow and suppress Ca+ 2 overloads [Higo et al. 1992; Kitakaze et al. 1999 ]. It has also been reported to reduce myocardial necrosis associated with reperfusion after coronary artery ligation [Matsubara et al. 2008; Liu et al. 2004] .
We have seen in our laboratory the cardioprotective effects of the benidipine [Hassan et al. 2015b] and edaravone [Hassan et al. 2015a] ISO-induced experimental model of cardiotoxicity when administered individually. The present study was designed to assess the efficacy of a combination therapy of low doses of edaravone and benidipine in ISO-induced MI in rats. The cardioprotective effects were evaluated by the assay of malondialdehyde (MDA), antioxidant markers, and antiapoptotic effects in cardiac tissue. We also evaluated cardiac biomarkers such as lactate dehydrogenase (LDH), creatine kinase-MB (CK-MB) and C-reactive protein (CRP) in serum. Ultrastructure study of cardiac tissues has also been carried out by transmission electron microscopy.
Methods

Chemicals
Benidipine and edaravone were acquired from Tocris Bioscience (Bristol, UK). Enzyme-linked immunosorbent assay (ELISA) kits, Caspase-3 and CRP were procured from Immunology Consultant Laboratory Inc. (Portland, OR, USA) and Biovision Research Products (Milpitas, CA, USA), respectively. Cardiac biomarkers were purchased from Crest Biosystems Ltd (Delhi, India). Isoproterenol, L-glutathione oxidase and glutathione reductase were procured from Sigma-Aldrich Chemicals Pvt. Ltd (Bangalore, India).
Animals
This study was approved by the Institutional Animal Ethics Committee (IAEC), Jamia Hamdard, New Delhi, India. Wistar strain rats of both sexes, weighing 200-220 g were procured from the Central Animal House Facility of Jamia Hamdard. Rats were kept in polypropylene cages and had free access to a commercial pellet diet (Amrut rat feed, manufactured by Nav Maharashtra Chakan Oil Mills Ltd, New Delhi, India), and water ad libitum. The environmental condition of the animal house was maintained as 12 h light and 12 h dark day/night cycle, with a temperature of 25 ± 2°C.
Drug preparation
Benidipine and edaravone were dissolved in normal saline, containing 0.1% tween 80 and 0.05% CMC, respectively. Drug solutions were prepared freshly on the day of dosing. ISO was freshly prepared by being dissolved in normal saline.
Treatment schedules
Rats were allocated randomly into six groups, containing six rats each. Group I was a normal control group and received only normal saline for 28 days. Group II and III served as per se groups and were administered a combination of edaravone and benidipine, with a doses of 1 mg/kg i.p. + 1 μg/kg i.v. and 3 mg/kg i.p. + 3 μg/kg i.v., respectively, for 28 days. Group IV served as a toxic group, and were administered ISO 85 mg/kg subcutaneously (s.c.) in two doses at a 24 h interval. The doses of ISO were selected on the basis of previous studies [Hassan et al. 2015b; Goyal et al. 2010] , which had established the dose at 85 mg/kg s.c. at 24 h. Group V and VI were pretreated with benidipine and edaravone (1 mg/kg i.p. + 1 μg/kg i.v. and 3 mg/kg i.p. +3 μg/kg i.v., respectively) followed by two doses of ISO 85 mg/kg, s.c. at a 24 h interval. Blood samples were collected after the experimental schedule and the animals were sacrificed by cervical decapitation under light ether anesthesia. Hearts were rapidly excised and washed with ice cold normal saline. The hearts were then stored in liquid nitrogen for biochemical estimations. Heart tissue samples were fixed in glutaraldehyde (3%) for ultrastructure study. Blood samples were centrifuged at 3000g for 30 min, and separated serum stored at −20°C for estimation of cardiac markers.
Estimation of cardiac marker enzymes
Activities of CK-MB [Lum and Gambino, 1974] and LDH [Young, 1990] in the serum were estimated using commercially available kits (Crest Biosystems Ltd, Delhi, India) as per instructions.
Estimation of myocardium MDA level
The level of MDA in the myocardium was estimated by the method of Okhawa and colleagues [Okhawa et al. 1970] , using thiobarbituric acid. The 3, 3-tetramethoxypropane was used as an external standard, absorbance was recorded at 540 nm by using spectrophotometer. Level of MDA was expressed as nanomoles per milligram protein.
Estimation of antioxidant enzymes in myocardial tissues
Reduced glutathione (GSH) was measured according to Sedlak and Lindsay [Sedlak and Lindsay, 1968] . The absorbance was recorded within 5 min after the addition of Ellman's reagent (DTNB) at 410 nm, against a reagent blank. The activities of glutathione S-transferase (GST), glutathione peroxidase (GPx) and glutathione reductase (GR) in myocardium were assayed spectrophotometrically according to the methods of Habig and colleagues [Habig et al. 1974 ], Wheeler and colleagues [Wheeler et al. 1990 ] and Carlberg and Mannervik [Carlberg and Mannervik, 1975] , respectively. Superoxide dismutase (SOD) and catalase (CAT) activities in myocardial cells were estimated spectrophotometrically, as described by Marklund and Marklund [Marklund and Marklund, 1974] and Claiborne [Claiborne, 1985] , respectively.
Estimation of Caspase-3 protease
The level of Caspase-3 protease in cardiac tissue was estimated by the ELISA method, using commercially available Caspase-3 colorimetric assay kit from Biovision (USA) as per the instruction leaflet [Gurtu and Kain, 1997 ]. A microtiter plate was observed at 405 nm in a micro reader instrument (MicroScan MS5608A Electronic Corporation of India Ltd).
Estimation of C-reactive protein
The level of CRP in serum was estimated using the commercially available kit from Immunology Consultants Laboratory Inc. (USA) as per the instruction leaflet, by the ELISA method [Eckersall, 2000] .
Estimation of protein
The protein concentration in the myocardium was estimated by the method of Lowry and colleagues, using bovine serum albumin as a standard [Lowry et al. 1951] .
Transmission electron microscopy studies
For the ultrastructure study, 4-5 pieces of 1.0-1.5 mm dimension were prepared from the left ventricle. These samples were rinsed several times with a 0.1 M phosphate buffer (pH 7.2). Immediately, the samples were fixed with 2.5% glutaraldehyde and 2% paraformaldehyde solution in a 0.1 M sodium phosphate buffer (pH 7.2) and stored at 4°C for 12 h. Ultrathin sections from these samples were stained with 2% uranyl acetate and 0.2% lead acetate, and observed under an electron microscope (FMI-Margagani Operated 268, the Netherlands) [Pogodina et al. 2006 ].
Statistical analysis
Statistical analysis was carried out by using a Prism software package (Version 4, GraphPad, USA). An analysis of variance with Dunnett's test was also used to observe the significant difference (p < 0.05). Table 1 demonstrates the effects on the experimental group of a combination of benidipine and edaravone on the nonenzymatic (GSH) and enzymatic (CAT, SOD, GST, GPx and GR) antioxidant parameters in myocardium. This table shows significantly (p < 0.01) decreased levels of GSH in the toxic group compared with the normal control group. Pretreatment with a combination of benidipine and edaravone (1 µg/ kg + 1 mg/kg and 3 µg/kg + 3 mg/kg) significantly (p < 0.0 1) increased levels of GSH compared with the ISO-treated group. Table 1 shows that the enzymatic antioxidants such as CAT, SOD, GST, GPx and GR in myocardium are significantly (p < 0.01) decreased in the ISOtreated group compared with the normal control group. Pretreatment with a combination of benidipine and edaravone with dose of (3 µg/kg + 3 mg/kg) significantly (p < 0.01) increased these markers compared with the ISO-treated group. Also, pretreatment with a low dose combination of benidipine and edaravone (1 µg/kg + 1 mg/kg) significantly (p < 0.05) increased levels of SOD and GST as compared with the ISOtreated group. Figure 1 reveals the activity of myocardial enzymes (LDH and CK-MB) in serum. The activity of myocardial enzymes was significantly (p < 0.01) elevated in the serum of the ISOtreated group compared with the control group. Pretreatment with a combination of benidipine and edaravone (1 µg/kg + 1 mg/kg and 3 µg/kg + 3 mg/kg) significantly (p < 0.01) reduced the activity of myocardial enzymes in serum compared to the ISO-treated group. Figure 2 illustrates the effects of a combination of benidipine and edaravone on levels of inflammatory marker CRP in the experimental group. The ISO-treated group showed significantly (p < 0.01) increased level of CRP in serum compared with the control group. Pretreatment with a combination of benidipine and edaravone (1 µg/kg + 1 mg/kg and 3 µg/kg + 3 mg/kg) significantly (p < 0.01) decreased the level of CRP in serum compared with the ISO-treated group. Figure 3 depicts the anti-apoptotic effect of a combination of benidipine and edaravone in the experimental group. The bar graph shows significantly (p < 0.01) elevated levels of Caspase-3 activity in the myocardium of the ISO-treated group compared with the normal control group. Pretreatment with a combination of benidipine and edaravone (1 µg/kg + 1 mg/kg and 3 µg/kg + 3 mg/kg) significantly (p < 0.01) decreased Caspase-3 activity in the myocardium as compared with the ISO-treated group. Figure 4 presents the level of MDA in the myocardium of the experimental group. The ISO-treated group showed a significantly (p < 0.01) increased level of MDA in the myocardium compared with the control group. Pretreatment with a combination of benidipine and edaravone (1 µg/kg + 1 mg/ kg and 3 µg/kg + 3 mg/kg) significantly (p < 0.01) reduced MDA levels in the myocardium compared with the ISO-treated group. Figure 5 illustrates the ultrastructure of the left ventricle of the control, toxic and experimental groups. In the present study, microscopic images of the mitochondria in the ventricle of ISO-treated animals (group IV) shows an extensive destruction of cristae, and the presence of swollen and altered mitochondrial membrane. Pretreatment with a combination of benidipine and edaravone (1 µg/kg + 1mg/kg and 3 µg/kg + 3 mg/kg) in the ISO-treated group shows a preserved architecture of the cell membrane and a maintained cristae structure (groups V and VI). A combination of benidipine and edaravone per se in a dose of 1 µg/ kg + 1 mg/kg and 3 µg/kg + 3 mg/kg shows no pathological alteration (groups II and III). The normal group shows a normal ultrastructure of the mitochondria of cardiac tissue (group I).
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Discussion
ISO is a β-adrenoceptor agonist and synthetic catecholamine. It has been reported that catecholamine produces membrane alterations and intracellular Ca 2 + overload, leading to myocardial damage [Green and Ashwood, 2005] . Adrenochrome and hydroxyl radicals are an oxidative product of catecholamine, leading to contractile failure and causing myocardial cell damage [Singal et al. 1981] . Benidipine is a calcium channel blocker and edaravone has a novel free radical scavenger moiety. Therefore, a combination of these may be a potent protective agent in the experimental model of cardiotoxicity. In the present study, protective effects of a low dose combination of benidipine and edaravone were evaluated by estimation of myocardial biomarkers and inflammatory markers in serum, enzymatic and nonenzymatic antioxidant markers, anti-apoptotic effects, and an ultrastructure study by electron transmission microscope in cardiac tissue. The present study revealed that the ISO-treated group showed a significant elevation of the cardiac biomarkers LDH and CK-MB in the serum, compared with the normal control group. The results of our study are in accordance with previous studies [Wang et al. 2009; Upaganlawar et al. 2009; Kurian et al. 2005] . The cardiotoxic effect of ISO, due to the deficiency of oxygen supply and glucose, results in cellular damage, loss of integrity and permeability of the cell membrane [Thomes et al. 2010] . It leads to a leakage of cardiac biomarkers in the cardiac interstitium, and finally into the blood [Thomes et al. 2010; Senthil et al. 2007 ]. Pretreatment with the combination of benidipine and edaravone significantly (p < 0.01) restored the normal levels of cardiac biomarkers in serum. The combination of benidipine and edaravone might arguably have preserved the structural and functional integrity and permeability of the cardiac membrane due to the Ca 2 + channel blocker and antioxidant effects, thus restricting the leakage of these cardiac biomarkers.
The antioxidant defense system comprises enzymatic and nonenzymatic antioxidants, namely GSH and GST (enzymatic) and GPx, GR, SOD and CAT (nonenzymatic) [Palanisamy et al. 2009 ]. Oxidative stress and pathological conditions generate ROS-like hydroxyl ions and superoxide free radicals, which alter the antioxidant defense system [Gauthier and Leblais, 1998; Dhalla et al. 2000 ]. In the present study, the ISO-treated group showed a significant decrease in the concentration of enzymatic antioxidant and the activities of nonenzymatic antioxidants in cardiac tissue of the rats, as compared to normal control rats. The activities of GPx, GR and GST may have been decreased due to the consumption of GSH. The level of GSH is decreased due to formation of ROS in myocardium, which scavenges the superoxide radical, hydroxyl radical and singlet oxygen, and itself changes to oxidized glutathione (GSSH) [Meister, 1988] . Furthermore, in the present study, we observed reduction in the activities of SOD and CAT in ISO-treated groups, which may be due to the increased generation of highly cytotoxic free radicals by auto-oxidation of catecholamines. This leads to reduction in the activities of SOD and CAT. In our study, pretreatment with combination of benidipine and edaravone significantly suppressed the activities of antioxidant markers compared with the ISO-treated group. The above results indicate that this combination suppressed the oxidative stress induced by ISO.
Lipid peroxides can be detected by the thiobarbituric acid reactive substance (TBARS) assay which is estimated as MDA. The level of MDA significantly increased in the ISO-treated group compared with the normal control group. MDA is formed due to the oxidation of the plasma membrane polyunsaturated fatty acids in the myocardium, which are oxidized by oxidative products of ISO. Elevation in the level of MDA in ISO-treated rats due to the oxidation of lipids in the myocardium leads to the irreversible deterioration of the myocardial membrane [Zhou et al. 2008] . The level of MDA, which is considered as one of the best markers of oxidative stress, also significantly decreased in pretreatment group.
CRP is a member of the pentraxin family of protein, and a prototypical acute phase reactant that elevates plasma concentration during tissue damage. The tissue damage in myocardial necrosis causes an inflammatory reaction, leading to increased levels of CRP [Balbay et al. 2001; Hedlund, 1961] . The concentration of CRP reflects the extent of myocardial necrosis [de Beer et al. 1982] . Several studies report that the level of CRP significantly increased in acute MI and angina pectoris [Suleiman et al. 2006; Cusack et al. 2002] . In the present study, the ISO-treated group showed significantly elevated serum CRP level as compared with the normal control group. Oxidative metabolites of ISO develop the oxidative stress that generates the ROS. These ROS alter the myocardium and are responsible for eliciting an inflammatory cascade through the generation of cytokines [Lefer and Granger, 2000; Dhalla et al. 2010] . In our study, a combination of benidipine and edaravone showed a normal serum CRP level in MI-induced rats. Our results suggest that a combination of benidipine and edaravone inhibits the inflammatory mediator, as evidenced by the decreased the serum CRP level.
Caspase-3 (cysteinyl aspartate-specific proteinases) is an apoptotic enzyme that activates a biochemical cell-suicide pathway, leading to programmed cell death [Dhalla et al. 2010] . Several studies have demonstrated the involvement of Caspase-3 in the development and progression of CVDs including MI [Ferrari et al. 1990; Sahu et al. 2014 ]. In the present study, the activity of Caspase-3 was significantly increased in ISO-treated group compared with the normal control group. Increased activity in Caspase-3 indicates a deterioration of the myocardium, a finding which is also supported by our ultrastructure study. Our result is also in accord with various previous studies [Lin et al. 2014; Gu et al. 2000 ]. Pretreatment with a combination of benidipine and edaravone significantly restored the activity of Caspase-3 towards the normal. Our result suggests that the combination of benidipine and edaravone has potential cardioprotective action against ISO-induced MI. This is possibly due to multiple effects of these combined drugs, one of which controls the intracellular Ca 2 + overload while the other attenuates the oxidative stress induced by oxidative products of ISO.
Transmission electron microscopy was also carried out for an ultrastructural evaluation of myocardial mitochondria. The myocardium of ISO-treated rats showed numerous necrotic foci within the myocardium, the destruction of cristae, and the presence of swollen and broken mitochondria, largely in the left ventricle subendocardium. These ultrastructural changes of the ventricle were in accordance with several other studies [Hassan et al. 2015a; Goldspink et al. 2004 ]. In the present study, the combination of benidipine and edaravone has significantly preserved the ultrastructure of myocardial mitochondria.
The calcium influx induced by ISO damages the myocardium and is one of the most important primary factors in various myocardial dysfunctions [Sharov et al. 1988 ]. It has also been reported that ISO-induced cardiomyopathy was mediated by an increased level of intracellular Ca 2 +, through L-type calcium channels [Singh et al. 2001] . Treatment with a combination of benidipine and edaravone has significantly preserved the ultrastructural architecture of the ventricle tissue of rats. This may be due to L-type calcium channel blocker property of benidipine and the free radical scavenger property of edaravone.
In conclusion, our results and observations suggest that a low dose combination of benidipine and edaravone shows a potentially protective effect in ISO-induced MI. This may be due to the combination attenuating oxidative stress, causing apoptotic signaling and preventing alteration in myocardial biomarkers, as well as maintaining the ultrastructure of cardiac tissue.
